In addition to their potential as diagnostic and therapeutic agents, modified oligonucleotides have also been shown to be highly valuable tools for examination of complex biological processes . Carefully designed nucleotide analogues have therefore found considerable application in investigations of DNA polymerase function and mechanism. To examine the contribution of primarily steric constraints on DNA polymerase selectivity, we have developed a new functional strategy based on the use of modified nucleotide analogues that differ primarily in their steric demand. Here we report the efficient synthesis of modified thymidine analogues bearing 4' -alkyl groups with varying steric demand, the effects of 4' -alkylation on sugar puckering, and the incorporation of
Introduction
Apart from their potential as diagnostic and therapeutic agents, such as in the antisense and anti gene strategies, modified oligonucleotides have also been shown to be highly valuable tools for investigation of complex biological processesJ I-4 j This strategy has recently been finding considerable application in investigations of DNA polymerase function and mechanism. [S -7] Thus, nucleotide substrates were at first carefully modified to target specific substrate features such as hydrogen-bonding capability as precisely as possible. Subsequent in-depth functional investigation of various DNA polymerases gave rise to a plethora of new functional in sights difficult or even impossible to access by other experimental means.
Recently, in order to investigate the contributions of primarily steric constraints on DNA polymerase selectivity, we have developed a new functional strategy.lH -12] This strategy is based on the use of modified nucleotide analogues differing primarily in their steric demand. This substrate feature in the nucleotide probes was achieved through substitution of the 4' -hydrogens of thymidines with alkyl groups of gradually increasing steric demand ( Figure 1 these analogues into oligonucleotides by use of automated solid-phase DNA synthesis. We also studied the pairing properties of 4' -alkylated oligonucleotide duplexes in relation to those of their natural counterparts under a range of buffer conditions. In general, our studies indicate that 4' -alkylation of thymidines has little effect on nucleoside and oligonucleotide conformation. These results have relevance to the previously reported action of 4' -alkylated nucleotides and oligonucleotides as probes of DNA polymerase function and mechanism.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, Germany, 2003) Figure 1. Thymidine (left) and 4' -alkylated thymidine (right) building blocks used as steric probes in enzymatic investigations. T: thymine, R: methyl, ethyl, isopropyl, isobutyl, respectively Thanks to the employment of these probes in functional enzyme investigations, a number of new insights into DNA polymerase selectivity mechanisms have been gained. Furthermore, the 4' -alkylated probes turned out to enhance single mismatch discrimination through the polymerase chain reaction (peR) significantly.[1 JI This feature might be exploitable for the development of highly accurate and robust analysis of genome variations such as point mutations and single nucleotide polymorph isms. Here we report a detailed description of the synthesis of 4' -alkylated thymidines, the impact of 4'-alkylation on sugar puckering, and the incorporation of these analogues into oligonucleotides. We also discuss the pairing properties of 4' -alkylated oligonucleotide duplexes in relation to those of their natural counterparts. The experiments reported here show that sitespecifically 4' -alkylated oligonucleotides are capable of building stable duplexes under varying salt conditions and virtually independently of the position of the 4' -modifi-cation in the duplex. These findings have several implications for our recent studies concerning the usage of 4'-modified oligonucleotides as steric probes in studies of DNA polymerase fidelity mechanisms. Thus, the features of 4' -alkylated oligonucleotides described here indicate that the described action of 4' -alkylated . probes on DNA polymerases can be assigned primarily to steric effects rather than to dramatically increased propensities of the DNA substrates to adopt aberrant conformations or to melting of the duplex promoted by a single 4' -modification.
Results and Discussion
Synthesis of 4' -Alkylated Thymidines As reported, 4' -alkylated nucleotides have turned out to be highly valuable tools for investigation of the complex mechanisms involved in DNA polymerase selectivity. As a fundamental prerequisite for these studies, we have developed a synthetic route that allows access to the desired analogues in the amounts needed for the subsequent envisaged enzyme investigations. In the past, several strategies to synthesize 4' -modified nucleosides have been described.f 14 -30 ] In most of the known procedures the 4' -quaternary carbon center is constructed by means of a mixed aldol reaction between aldehyde 2 and formaldehyde to yield 3 (Scheme 1). Scheme I. General scheme for the synthesis of 4'-modified thymidmes After protection group manipulations, alcohol4[1~1 is obtained and serves as a basis for further functional group interconversions. Matsuda et al. have recently followed this route in the synthesis of several 4' -modified nucleosides starting with related compounds like the alcohol 4.11 5. 161 Encouraged by these findings, we envisaged the synthesis of the desired thymidine probes bearing 4' -alkyl groups with varying steric demand . Our synthesis therefore started with alcohol 4, which was converted into iodide 5 by treatment with 12> Ph 3 P, and imidazole at 50°C. Hydrogenation with Pd/C in the presence of Et3N and subsequent cleavage of the silyl ethers with tetrabutylammonium fluoride (TBAF) gave 4' -C-methylthymidine (la) in good yield (Scheme 2). 
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Scheme 3. Synthesis of 4' -ethyl thymidine lb and 4' -isobutylthymidine Id; a) CHj PPh 1 Br, nBuLi, THF, -78 to 20 QC, 99% (R = H, 7a), or (CH3)eCHPPh3I, nBuLi, Et 2 0, -78 to 20 QC, 83% (R = methyl, 7b); b) TBAF, THF; c) Pd/C, H 2o CH 3 0H, 88% (lb) or 89% (Id) over two steps, respectively
Finally, the synthesis of thymidine analogue lc, bearing a bulky isopropyl group a to the 4'-quaternary carbon center, was accomplished from the known ketone 8 [18] by means of a Wittig reaction and subsequent desilylation and hydrogenation of the aliphatic double bond (Scheme 4). It is noteworthy that the choice of the base was crucial for this transformation. Thus, employment of reaction conditions similar to those applied in the synthesis of Ib and Id with nBuLi resulted in little product formation. Bulky alkoxides have previously been reported to be the bases of choice in Wittig reactions involving sterically encumbered substrates,l3 1J
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In order to gain insights into potential effects of the modifications on the sugar conformations we performed conformational analysis based on the coupling constants (Table I) For the synthesis of oligonucleotides bearing the 4'-modified thymidines at the 3' -end of the strand we coupled 
Biophysical Properties of Duplexes Containing 4' -Alkylated OligonucIeotides
We next investigated the influence of 4'-alkyl groups in oligonucieotides on duplex stability. The presence of intensive hydration or metal-ion binding throughout the grooves of DNA double helices is well known from structural investigationsJ34-39] Recent functional investigations employing chemical probes constructed on the principle of modified nucieobases with deleted hydrogen bonding sites have suggested that minor groove hydration has implications for DNA duplex stabilityJ41l.4 11 However, alkyl groups covalently attached at the 4' -positions of 2' -deoxyribose residues should point towards the minor groove of double-stranded DNA and so should interfere with ligand binding in the groove through different mechanisms. We have recently investigated 4'-alkylated oligonucleotide duplexes in term of their abilities to form duplexes and have found that complementary duplexes are formed, with few overall helix deviations in relation to their unmodified counterparts. 142] Nevertheless, the introduction of several modified residues into oligonucleotide duplexes did decrease the duplex stability of the respective oligonucieotides.
Here we report on the effect of varying salt concentrations on duplex stability. By use of the procedure described above we first synthesized oligonucleotides ONla-d and ON2a-d, bearing one or four unmodified or 4' -modified thymidine resid ues, respectively. We subsequently performed thermal denaturating studies and measured T,11 values (Table 2) . Table 2 . Thermal denaturating experiments (T,nrC values shown) of unmodified and 4' -alkylated oligonucleotides at varied buffer conditions Each measured profile obtained from thermal denaturation studies showed a single transition. We found that the presence of a single modification in the helix did not significantly alter the duplex stability from that of the unmodified oligonucieotides ONt. The T,ll value was most significantly decreased when 4'-isopropylated thymidine residues (ONlc) were present. However, four successive modified 4'-alkyl residues pointing into the minor groove, as present in ON2a-d, have more significant effects on duplex stability (Table 2) . 4' -Ethyl-and 4'-isopropyl substituents appear to affect thermal stability most significantly in the sequence context investigated. Interestingly, at the highest salt con-centration employed, 4'-isobutylated oligonucleotide ON2d showed the highest stability among the modified oligonucleotides, indicating that the presence of potential steric constraints in the minor groove might be compensated by other effects such as hydrophobic interactions. In general, the thermal denaturating studies are a further indication that oligonucleotides are able to form stable duplexes at high and low salt concentrations even with disruption of the hydration spine.
We have recently reported on the positional effects of site-specifically 4' -methylated primer template complexes on DNA polymerase function .[9,I O.1 3] Thus, 4' -methylation is able to decrease DNA polymerase elongation efficiency by factors of up to several thousand times relative to the efficiencies of the unmodified primer template complexes. It was also found that the observed effects are strongly dependent on the position of the modification within the primer template stem of the DNA substrate. [9, IO] Here we have investigated whether 4' -methyl modifications cause melting or aberrant conformations of the duplex depending on differential positioning of the modifications within the DNA duplex. For these investigations we synthesized oligonucleotides ON3-6, in the same sequence context as applied in our previous functional enzyme studies, and subsequently studied their apparent duplex properties. The data derived from thermal denaturation studies indicate little effect on duplex stability of the position of the 4'-modification relative to that of the unmodified duplex (Table 3) . We next investigated whether 4' -methylation has a significant impact on overall DNA helix conformation and examined the circular dichroism (CD) characteristics of all native and 4' -methylated oligonucleotides (Figure 2) .
The corresponding duplexes bearing 4' -methyl groups yield nearly superimposable CD spectra, indicating little if any dependence of overall helix conformation on the presence of 4' -methyl groups at differential positions. The results reported here have several implications for our recent studies concerning the usage of 4' -alkylated oligonucleotides as steric probes in studies of DNA polymerase fidelity mechanisms. The results indicate that the introduction of a single 4' -methyl modification in double-stranded DNA has little effect on intrinsic duplex properties such as overall helix conformation and stability, regardless of the position within the duplex. Thus, the effects of 4' -alkylated probes on DNA polymerase function[9, IO, 13] can probably be attributed primarily to steric effects rather than to dramatically increased propensities of the DNA substrates to adopt aberrant conformations or to promotion of melting of the duplex by a single 4' -modification . .
Conclusion
We describe an efficient synthesis of modified thymidine analogues bearing 4' -alkyl groups of varying steric demand . These analogues adopt sugar conformations similar to those of unmodified thymidine, as deduced from NMR spectroscopic data analysis. The 4' -alkylated thymidines were converted into building blocks suitable for automated solid-supported oligonucleotide synthesis. Several sitespecifically 4' -modified oligonucleotide duplexes were synthesized in yields comparable to those obtained for unmodified strands. Subsequently, duplex properties such as stability and helix conformation were investigated in relation to those of the unmodified strands. It was found that duplexes comprising 4' -alkylated thymidine residues were able to form stable duplexes at various salt concentrations. Additionally, little effect of the positioning of 4' -methylated thymidines within DNA duplexes was found . Taken together, these studies indicate that 4' -alkylation of thymidines has little effect on nucleoside and oligonucleotide conformation.
Experimental Section
General: All temperatures quoted are uncorrected. All reagents are commercially available and were used without further purification.
Solvents were purchased over molecular sieves (Fluka) and were used directly without further purification unless otherwise noted. All reactions were conducted with rigorous exclusion of air and moisture. IR spectra: Perkin -Elmer Lambda 2 FTIR spectrophotometer. NMR spectra: Bruker with the solvent peak as internal standard. 3' -O-tert-Butyldimethylsilyl-5' -O-tert-butyldiphenylsilyl-4' -C-(vinyl)thymidine (7a): MePPhJBr (1.88 g, 5.25 mmol) was suspended in dry THF (50 mL) under Ar and treated at 0 °C with nBuLi (1.75 mL of a 2.5 M solution in hexanes, 4.38 mmol). After the mixture had been stirred for 5 min the ice bath was removed and stirring was continued at 20°C for I h. The yellow reaction mixture was then cooled to -78°C, aldehyde 6 (1.09 g, 1.75 mmol) in dry THF (IS mL) was added, stirring at -78°C was continued for 30 min, and the mixture was then allowed to warm to 0 qc.
After stirring for a further 3 h, the reaction mixture was quenched with concentrated NH 4 CI solution and extracted with diethyl ether. The combined extracts were dried over MgSO.j, concentrated, and purified by column chromatography on silica gel (tert -butyl methyl ether/cyclohexane, 3:2) to give 7a (1.08 g, 99%) as a colorless foam. 4' -C-(Ethyl)thymidine (lb): Nucleoside 7a (982 mg, 1.58 mmol) was dissolved in THF (10 mL), and a nBu4NF solution in THF (I M, 3.50 mL, 3.50 mmol) was added at 20°C. After stirring for 3 h the reaction mixture was poured on a silica column without further workup. Short column chromatography (ethyl acetate ~ ethyl acetate/methanol, 10:1) yielded the crude product as a gum that could be used directly in the subsequent reaction. The residue was dissolved in methanol (IS mL) under an Ar atmosphere, and 10% Pd/ C (150 mg) was added. The reaction mixture was subsequently floated with hydrogen (balloon). After stirring under a hydrogen atmosphere for 2 h, the reaction mixture was poured on a silica column without further workup. Short-column flash chromatography (ethyl acetate ~ ethyl acetate/methanol, 10:1) yielded Ib (375 mg, 88%) as a colorless foam . 4'-C-(Isopropyl)thymidine (le): Compound 9 (768 mg, 1.21 mmol) was dissolved in THF (10 mL) and a nBu4NF solution in THF (I M, 2.70 mL, 2.70 mmol) was added at 20 QC. After stirring for 3 h, the reaction mixture was poured on a silica column without further workup. Short-column chromatography (ethyl acetate --> ethyl acetate/methanol, 10:1) yielded the crude product as a gum that could be used directly in the subsequent reaction. The residue was dissolved in methanol (15 mL) under an Ar atmosphere, and 10% Pd/ C (150 mg) was added. The reaction mixture was subsequently floated with hydrogen (balloon) . After stirring under a hydrogen atmosphere for 2 h, the reaction mixture was poured on a silica column without further workup. Short-column chromatography 3' -O-tert-Butyldimethylsilyl-5' -O-tert-butyldiphenylsilyl-4' -C-(2-methylpropenyl)thymidine (7b): Isopropylphosphonium iodide (1.78 g, 4.12 mmol) was suspended in dry diethyl ether (20 mL) under an Ar atmosphere, and the mixture was treated at 20 QC with nBuLi (1.34 mL of a 2.5 M solution in hexanes, 3.36 mmol). After stirring for 45 min the dark red reaction mixture was cooled to -78 1842 QC, compound 6 (600 mg, 0.96 mmol) in dry diethyl ether (5 mL) was added, stirring was continued at -78 QC for 15 min, and the reaction mixture was subsequently allowed to warm to 20 QC. After stirring for a further 30 min, the reaction mixture was cooled to -78 QC and afterwards quenched with concentrated NH 4 CI solution. After warming to 20 QC, the mixture was extracted with CH 2 CI 2 . The combined extracts were dried over MgS0 4 , concen- were added, and the reaction mixture was stirred under Ar overnight. Afterwards, 4-nitrophenol (0.5 mmol/l.O g CPG) was added and shaking was continued for an additional 24 h. Piperidine (5 mLlI.O g CPG) was then added, and stirring was continued for 5 min. Afterwards, the beads were filtered off and intensively washed, first with pyrid ine, and then with methanol and CH 1 Cl 1 . After drying, the beads were suspended in pyridine (10 mLlI.O g CPG) and acetic anhydride (14 mmolll.O g CPG), and a catalytic amount of DMAP was added. After having been shaken for 5 h, the beads were filtered off and intensively washed as described above. After drying, the loading was determined by trityl analysis of a small portion of the collected beads by known methodsY 3 
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The integrity of all modified oligonucleotides was confirmed by MALDI-ToF MS.
DNA Thermal Denaturation Studies: Melting curves were recorded on a Lambda 2 (Perkin -Elmer) instrument fitted with a PTP-6 temperature-control device. Data were obtained from three individual cooling/heating cycles. Melting temperatures (T,nl QC values) were obtained from the maximum of the first derivative of the melting curve (A 2I ,o vs. temperature). Measurements were conducted in buffer made up of NaCI (concentrations are indicated in the respective table), 20 mM KH 1 P0 4 (pH, 7.0), and containing 600 nM duplex DNA. The mixtures were heated to 95 QC for 5 min and allowed to cool slowly to room temperature prior to the melting curve measurements. A measurement of the buffer was conducted separately and subtracted from the spectra resulting from the sample.
CD Spectra: CD spectra were recorded on a Jasco 720 in buffer made up of I M NaCI and 20 mM KH 1 PO. (pH 7.0), which contained 15 IlM duplex DNA. The mixtures were heated to 95 QC for 5 min and allowed to cool slowly to room temperature prior to measurements. A spectrum of the buffer was measured separately and subtracted from the spectra resulting from the samples. An average of 12 spectra were recorded in each experiment.
